Fruit ripening in tomato (Solanum lycopersicum) is a complicated development process affected by both endogenous hormonal and genetic regulators and external signals. Although the role of NOR, a member of the NAC domain family, in mediating tomato fruit ripening has been established, its underlying molecular mechanisms remain unclear. To explore further the role of NAC transcription factors in fruit ripening, we characterized a new tomato NAC domain protein, named SlNAC4, which shows high accumulation in sepal and at the onset of fruit ripening. Various stress treatments including wounding, NaCl, dehydration and low temperature significantly increased the expression of SlNAC4. Reduced expression of SlNAC4 by RNA interference (RNAi) in tomato resulted in delayed fruit ripening, suppressed Chl breakdown and decreased ethylene synthesis mediated mainly through reduced expression of ethylene biosynthesis genes of system-2, and reduced carotenoids by alteration of the carotenoid pathway flux. Transgenic tomato fruits also displayed significant down-regulation of multiple ripening-associated genes, indicating that SlNAC4 functions as a positive regulator of fruit ripening by affecting ethylene synthesis and carotenoid accumulation. Moreover, we also noted that SlNAC4 could not be induced by ethylene and may function upstream of the ripening regulator RIN and positively regulate its expression. Yeast two-hybrid assay further revealed that SlNAC4 could interact with both RIN and NOR protein. These results suggested that ethylene-dependent and -independent processes are regulated by SlNAC4 in the fruit ripening regulatory network.
Introduction
Development and ripening of fruit have been the subject of considerable scientific study, mainly due to the uniqueness of such processes to plant biology and the practical importance of ripening to the human diet. Fruit ripening is a genetically regulated process involving numerous metabolic changes in color, flavor, texture and aroma, that are controlled by both endogenous hormonal and genetic regulators and external signals (temperature, light and hydration) that make fruit more appealing to potential consumers for seed dispersal (Costa et al. 2010) . Tomato (Solanum lycopersicum) has long served as an excellent model for fleshy fruit development and ripening primarily because of several desirable attributes: well-characterized ripening mutants, small genome size, high-density genetic maps, short life cycle, efficient transient and stable transformation, and the recent completion of the tomato genome sequence (Moore et al. 2002 , Giovannoni 2007 , Zouine et al. 2012 ) all contribute to the utility of this experimental system. Physiologically, tomato is categorized as a climacteric fruit based on the dramatic induction of respiration and ethylene at the onset of ripening. Climacteric fruit (e.g. tomato, apple and banana) are distinguished from non-climacteric fruits (e.g. grape and citrus) because the ethylene burst is required for normal fruit ripening (Alexander and Grierson 2002) . Ethylene plays a key regulatory role in fruit ripening, as illustrated by the slowing or inhibition of ripening in multiple ethylene-suppressed transgenic plants and through the analysis of the tomato ethylene receptor mutant Nr (never ripe) (Wilkinson et al. 1995 , Moore et al. 2002 . However, although ethylene is the dominant trigger for ripening in climacteric fruits, it has been suggested that ethylene-dependent and -independent events operate in tandem to regulate overall ripening (Pech et al. 2008 ).
The strongest evidence for ethylene-independent ripening control comes from the analysis of gene expression of the rin (ripening inhibitor) and nor (non-ripening) tomato mutants that fail to produce autocatalytic ethylene and to ripen in response to exogenous ethylene (Moore et al. 2002) . To date, our understanding of the regulatory events controlling fruit ripening have benefited enormously from the availability of a series of natural ripening-deficient mutants. Furthermore, many of the underlying genes have been cloned and provide insights regarding ripening regulation, such as rin, which encodes a MADS-box transcription factors ; Nr, which encodes an ethylene receptor (Wilkinson et al. 1995) ; Cnr (Colorless nonripening), which encodes an SBP-box transcription factor (Manning et al. 2006) ; and Gr (Green ripe), which encodes a still poorly defined component of the ethylene transduction pathway (Barry and Giovannoni 2006) . Additional ripening regulatory proteins have been reported via functional studies in transgenic plants including the HB-1 homeobox protein and the TAGL1 MADS-box factor (Lin et al. 2008 , Itkin et al. 2009 ). Interestingly, unlike the transcription factors described above including RIN, Cnr, LeHB-1 and TAGL1, which all function as positive regulators of fruit ripening, an AP2 transcription factor, SlAP2a, was found to regulate tomato fruit ripening negatively and to act to balance the activities of positive ripening regulators (Chung et al. 2010) . Although NOR, a member of NAC domain family, was proved to act upstream of ethylene in the tomato fruit ripening cascade and determine the competency of fruit ripening (Tigchelaar 1978 , Giovannoni 2007 ), relatively few tomato ripening genes have been assessed for expression change, and the mechanisms of action of other NAC transcription factors involved in fruit ripening still remain to be defined.
NAC proteins constitute one of the largest families of plantspecific transcription factors (117 NAC genes in Arabidopsis, 151 in rice, 79 in grape, 163 in poplar and 152 each in soybean and tobacco) (Puranik et al. 2012) , and 101 NAC genes in tomato are found in The Plant Transcription Factor Database (http://planttfdb.cbi.pku.edu.cn/) (Zhang et al, 2013) , which have been implicated in diverse processes, including developmental programs (Hao et al. 2011) , senescence (Yang et al. 2011 ) and biotic (Christianson et al. 2010 ) and abiotic stress responses (Mao et al. 2012 ). The NAC domain was identified from consensus sequences from Petunia NAM, Arabidopsis ATAF1/2 and CUC2 proteins (NAC is named from the first letter of the three genes) (Aida et al. 1997) . Typically, NAC proteins share a well conserved N-terminus containing the DNA-binding NAC domain which is approximately 150 amino acids in length and can be divided into five subdomains (A-E) and a diversified C-terminusl considered to be a transcription regulatory region (Puranik et al. 2012) . A putative NLS (nuclear localization signal) has been detected in subdomains C and D (Kikuchi et al. 2000) . Additionally, both the NAC domain and the C-terminal domain of NAC proteins exhibit protein binding activity, and the NAC domain may determine the fate and function of the NAC proteins (Puranik et al. 2012) . In order to identify NAC genes that are associated with tomato fruit ripening, we screened 15 cDNA clones annotated as NAC family genes, and their tissue expression profiles in wild-type (WT) tomato were studied by quantitative reverse transcription-PCR (RT-PCR). Here we report the functional characterization of one of these NAC genes, SlNAC4, isolated from tomato fruits based on a cDNA clone (SGN-U568605, http:// solgenomics.net/) whose transcript shows high accumulation in sepal and at the onset of fruit ripening. Our results showed that SlNAC4 encodes a transcription factor and has a conserved NAC domain. The expression level of SlNAC4 was induced significantly by various stress treatments including wounding, NaCl, dehydration and low temperature, indicating that SlNAC4 also plays an important role in abiotic stress response. RNA interference (RNAi) repression of SlNAC4 in tomato resulted in ripening inhibition with decreased ethylene synthesis, reduced carotenoid accumulation, suppressed Chl breakdown and down-regulation of a variety of ethylene-associated and ripening-associated genes, suggesting that SlNAC4 plays an essential role in the fruit ripening regulatory network as a positive regulator. The relationships of SlNAC4 and some important ripening regulatory factors and the underlying molecular mechanisms of its involvement in fruit ripening are discussed.
Results
Cloning and molecular characterization of the SLNAC4 gene Rapid amplification of cDNA ends (RACE) was applied to clone the cDNA of this new NAC gene. We named it SlNAC4 (GenBank accession No. KC453999) following the nomenclature of SlNAC1 (Selth et al. 2005) , SlNAC2 (Uppalapati et al. 2008) and SlNAC3 (Han et al. 2012 ) that had been functionally identified in tomato. Its predicted protein shares 64.0, 41.6 and 40.8% identity with SlNAC1, SlNAC2 and SlNAC3, respectively. Gene sequence analysis showed that SlNAC4 contained an open reading frame (ORF) of 876 bp and a 3 0 -untranslated region (UTR) of 272 bp. The predicted SlNAC4 protein has 291 amino acids with a typical NAC domain region in the N-terminus (Fig. 1A) and an estimated molecular mass of 33.5 kDa. Additionally, we also amplified SlNAC4 from tomato genomic DNA (GenBank accession No. KC454000); the alignment of the genomic DNA and cDNA showed that SlNAC4 contained three exons and two introns ( Supplementary Fig. S1 ), the same as many other NAC genes (Han et al. 2012) . The 3 0 end exonintron junction of the first exon occurs systematically at the end of subdomain B (Kikuchi et al. 2000) with the PWDLP conserved sequence. For the second exon, the 3 0 end exonintron junction occurs after the subdomains C and D, and subdomain E is encoded by the 5 0 end of the third exon with the conserved sequence WVLCR.
To analyze the NAC domain of SlNAC4 further, the overall amino acid sequences of NACs, including NOR, and the products of three NAC genes reported in tomato, SlNAC1-SlNAC3, and of NAM, ATAF1/2 and CUC2 genes whose initial letters provide the name of the NAC domain, were analyzed for alignment. The results show that there are five conserved subdomains (A-E) in the NAC domain region. However, the C-terminal region is highly divergent from other known NAC domain sequences (Fig. 1A) . The identity among the overall amino acid sequences of NACs ranges from 29.7% to 72.3%. However, as expected, the NAC domain is more conserved, with amino acid identity ranging from 53.0% to 90.2% (Supplementary Table S1 ). From the analysis of the phylogenetic tree, the 15 characterized NAC family proteins were putatively divided into three clades and our newly identified SlNAC4 protein belonged to the stress-related NACs according to their relative functions, suggesting that SlNAC4 may also be involved in the stress defense response. Additionally, the results also showed that most of the NAC proteins with similar functions could be classified into the same subgroups on the basis of similarities in their NAC domains (Fig. 1B) . Although NOR has been proved to determine the competency for tomato fruit ripening, Fig. 1B suggested that NOR may belong to the senescence-related NAP subfamily (Guo and Gan 2006) , thus indicating that it may also have crucial regulatory roles during tomato senescence, which remain to be further determined.
The expression of SlNAC4 was induced significantly by various stress treatments Currently, it has been well documented that NAC transcription factors are involved in the responses to various biotic and abiotic stresses in model plants, especially in Arabidopsis and rice (Nakashima et al. 2012 ). However, relatively few studies have been characterized in tomato. To confirm further that SlNAC4 is involved in the stress response, the expression patterns of SlNAC4 under various stress treatments in leaves and roots of tomato seedlings were investigated. As shown in Fig. 2 , SlNAC4 was significantly induced after NaCl treatments and peaked at 4 h in roots and then decreased, while in leaves it was less affected by NaCl stress and peaked at 24 h. This result revealed that SlNAC4 gene expression was induced by NaCl stress mainly in roots, but not in leaves. The increased expression of SlNAC4 could only be observed until 2 h after low temperature treatments and peaked at 12 h and then decreased. No obvious change (the induction levels were <2-fold) was observed in SlNAC4 expression under high temperature, and we also found that its expression was not affected by circadian rhythm under normal growth conditions (data not shown). When subjected to wounding, the expression of SlNAC4 was significantly induced at 4 h and then decreased. Upon dehydration conditions, SlNAC4 was significantly induced and peaked at 4 h, and remained at a similar level up to 24 h (Fig. 2) . These results suggest that SlNAC4 is involved in the response to abiotic stress, and different expression patterns were observed.
Expression patterns of the SlNAC4 gene in wild-type and ripening mutant fruits
To clarify the role of SlNAC4 in tomato development, its transcript accumulation in various tissues was quantified by quantitative RT-PCR. Fig. 3A shows that the expression levels of SlNAC4 were relatively high in the sepals and at the onset of fruit ripening, revealing its tissue-specific expression. Similar expression levels were detected in young and mature leaves, while they were low in senescent leaves. During fruit enlargement and ripening, the transcript accumulation of SlNAC4 reaches a maximum level at the breaker (B) stage. After that it decreases slightly, and is detected at low levels in immature green (IMG) and mature green (MG) fruit, thus suggesting that SlNAC4 may be correlated with leaf and sepal development and fruit ripening. In addition, it is interesting to note that SlNAC4 expression was significantly up-regulated in petals collected at 2 days post-anthesis (DPA) compared with at 2 d before anthesis and on the day of anthesis in separate floral organs. Its expression was also up-regulated in carpel while it was continuously down-regulated in sepal and no significant difference was detected in stamen (Fig. 3B) . The transcript levels of SlNAC4 in pericarp and placenta of WT fruit were analyzed further, and we found that the expression of SlNAC4 in placenta was approximately 40% higher than in pericarp ( Supplementary Fig. S2A ).
To investigate whether or not SlNAC4 has any relationship to the defined fruit ripening mutants, the transcript levels of SlNAC4 in rin and Nr mutants fruit were also detected from the IMG to B + 7 stage (equivalent stages to WT tomato) (Fig. 3C ). No significant difference was observed among rin (which impacts ripening activities beyond ethylene and does not produce elevated ethylene), Nr (which is insensitive to ethylene) and WT fruits, indicating that SlNAC4 expression is not impacted by the single locus RIN and Nr and not induced by ethylene during fruit ripening. Subsequently, we sprayed tomato seedlings with 5 mM ethephon (an ethylene releaser) for 0, 1, 4, 8, 12, 24 and 48 h; SlNAC4 was down-regulated after ethephon treatment at all the stages, while ERF1 (ethylene response factor) was significantly induced at 1 h and became normal at other stages (Fig. 3D ). This result suggested that SlNAC4 in fact could not be induced by ethylene. Accession numbers and corresponding references for the proteins listed are as follows: Solanum lycopersicum: SLNAC1, AAR88435.1 (Selth et al. 2005 ), SlNAC2, SGN-U313171 (Uppalapati et al. 2008 ), SlNAC3, SGN-U568609 (Han et al. 2012) , SLNAC4 (KC453999), NOR (AY573802.1), SlNAM, NP_001234254.1 (Blein et al. 2008 ); Arabidopsis thaliana: ATAF1, NP_171677.1 (Lu et al. 2007 ), ATAF2, NP_680161.1 (Delessert et al. 2005) , CUC1, BAB20598.1 (Takada et al. 2001) , CUC2, BAA19529.1 (Aida et al. 1997) , AtNAP, AJ222713.1 (Guo and Gan 2006) , ATNAC2, AAO41710.1 (He et al. 2005) ; Solanum tuberosum: StNAC, CAC42087.1 (Collinge and Boller 2001) ; Petunia hybrida: NAM, X92205.2 (Souer et al. 1996) ; Capsicum annuum: CaNAC1, AAW48094.1 (Oh et al. 2005) ; Oryza sativa: OsNAC6, BAA89800.1 (Ohnishi et al. 2005) ; Citrus sinensis: CitNAC, ABM67699.1 (Liu et al. 2009 ).
Silencing SlNAC4 expression inhibits fruit ripening
To investigate the functional role of the SlNAC4 gene in greater depth, we obtained independent SlNAC4 silencing lines by RNAi. Three independent transgenic lines (lines 1, 4 and 5 from seven lines) exhibiting distinguishable alterations from control fruits were selected for further characterization. To verify the repression of SlNAC4 in the RNAi lines, total RNA was isolated from flower, MG, B, B + 4 and B + 7 stage fruit in WT and transgenic tomatoes. Fig. 4A shows that the accumulation of SlNAC4 transcript was significantly reduced to roughly 10-20% of control levels at the MG and B stage in the RNAi lines, with partial restoration by the B + 4 and B + 7 stage, while only about 60% of transcript accumulation was repressed in flowers. The SlNAC4 transcript was also reduced to approximately 10-20% of control levels in placenta ( Supplementary  Fig. S2B ). To verify specific repression of SlNAC4, SlNAM1 and SlANC1 expression was also monitored because they are the most closely related (74.1% and 60.6% identical at the nucleotide level, respectively) tomato genes to SLNAC4. On the other hand, NOR only shares 49.2% identity with SLNAC4 at the nucleotide level. We further conducted a multiple sequence alignment between SlNAM1, SlANC1, NOR and SLNAC4, which indicated that the 469 bp DNA fragment of SLNAC4 used in the hairpin is specific ( Supplementary Fig. S3A ). Supplementary Fig. S3B shows that SlNAM1 and SlNAC1 mRNA was detected at just a slightly lower level in transgenic fruits than in the WT. This result indicated that SLNAC4 mRNA was specifically targeted by the SLNAC4 RNAi transgene RNA.
Although NAC genes were shown to affect flower and sepal development in Arabidopsis (Aida et al. 1997 ) and leaf boundaries in tomato (Berger et al. 2009) , no similar changes of sepals, flowers ( Fig. 4B ) and leaves (data not shown) were observed in SlNAC4 RNAi plants. However, visible alterations were displayed during the process of fruit development and ripening (Fig. 4C) . Although no apparent difference was observed at the IMG, MG and B stage, RNAi tomato showed ripening defects (slight orange color) from the B + 4 stage (Fig. 4C) in pericarp compared with WT ripening fruits, suggesting alteration of carotenoid composition. Additionally, the placenta of SlNAC4 RNAi fruits failed to acquire red pigmentation and softening appearance from the B + 7 stage (Fig. 4D) , which was further maintained up to the B + 15 stage (Fig. 4E) , whereas no significant difference was observed in fruit pericarp thickness (Fig. 4D, E) . The ripening of fleshy fruit undergoes a highly coordinated transition leading to metabolic changes in color, texture, Fig. 2 Quantitative RT-PCR analysis of the expression of the SlNAC4 gene in roots and leaves under NaCl, high/low temperature, wounding and dehydration stress. Data are the means ± SD of two independent experiments. Significant differences (P < 0.05) are denoted by different letters.
flavor and aroma (Giovannoni 2007) . In view of the color changes, we measured the time to breaker from anthesis stage and 1 cm fruit stage and observed that the ripening time of SlNAC4 RNAi lines was delayed by about 2-3 d as compared with the WT (Table 1) .
Reduced expression of SlNAC4 alters the fruit carotenoid and Chl accumulation profile
The typical feature of green to red color change in ripening tomato fruit is primarily because of Chl degradation and carotenoid accumulation, including lycopene (red) and b-carotene (orange) (Giovannoni 2001) . It is interesting to note that Chl is typically absent from ripe WT fruits, but was still found in red ripening SlNAC4 RNAi fruits ( Fig. 4C-E) . To determine whether or not the ripening defects phenotype represented a change in total Chl and carotenoid content between control and SlNAC4 RNAi fruits, total Chl and carotenoids were extracted from pericarp and placenta at fruit ripening stages. Fig. 5A shows that total Chl in SlNAC4 RNAi lines increased approximately 2-to 3-fold compared with WT fruits in both pericarp and placenta at the B + 4 and B + 7 stage, while there was no significant difference at the B stage in pericarp, accounting for the light green color of pericarp and placenta in transgenic fruits from the B + 4 stage (Fig. 4C, D) . A reduction of about 30% in the level of total carotenoids was detected in both pericarp and placenta at the B + 4 and B + 7 stage compared with WT fruits (Fig. 5B) . No significant changes in total Chl and carotenoids were detected in the leaves in SlNAC4 RNAi lines (data not shown). SlNAC4 thus influences the accumulation of pigments in fruits.
To investigate the underlying causes of the differences in color and carotenoid accumulation between control and SlNAC4 RNAi lines, the transcript levels of genes involved in carotenoid biosynthesis were detected in pericarp from the MG to B + 7 stage in the WT and three SlNAC4 RNAi lines (1, 4 and 5) by quantitative RT-PCR (Fig. 6 ). Of these, the transcript levels of PSY1 (phytone synthease 1), which is induced by ethylene and is a critical regulator of metabolic flux through the downstream carotenoid biosynthesis pathway during fruit ripening (Fray and Grierson 1993) , were significantly reduced at all four fruit ripening stages. Cyclization of lycopene marks a branching point in the carotenoid biosynthetic pathway: one branch leads to b-carotene and its derivative xanthophylls (catalyzed by the chloroplast-specific lycopene-b-cyclase LCY-B and the chromoplast-specific lycopene-b-cyclase CYC-B), whereas the other leads to a-carotene and lutein (catalyzed by LCY-B and LCY-E) (Hirschberg 2001) . The expression of CYC-B largely determines the relative ratios of lycopene and bcarotene in ripening tomato fruit (Ronen et al. 2000) . Fig. 6 shows that CYC-B was up-regulated at the B + 4 and B + 7 stage of SlNAC4 RNAi fruits compared with WT fruits. In addition, both LCY-B and LCY-E were also remarkably up-regulated compared with controls in SlNAC4 RNAi fruits.
Additionally, taking into account the fact that the placenta of SlNAC4 RNAi fruit failed to reach red pigmentation, the expression of SlNAC4 and the above-mentioned carotenoid biosynthesis genes was also detected in placenta at the B + 4 and B + 7 stage in WT fruit and two SlNAC4 RNAi lines (1 and 5). Similarly, Supplementary Fig. S4 shows that the transcript level of PSY1 was also dramatically decreased in placenta. Expression of LCY-B, LCY-E and CYC-B was up-regulated, but CYC-B was lower than in the controls at the B + 4 stage. In summary, SlNAC4 repression results in decreased PSY1 mRNA transcripts which leads to lower total carotenoid synthesis and elevated transcript accumulation of LCY-B, LCY-E and CYC-B which alter carotenoid pathway flux away from lycopene in both pericarp and placenta, thus conferring the orange fruit phenotype.
Reduced expression of SlNAC4 affects ethylene synthesis and ethylene-related gene expression during ripening
The synthesis, perception and signal transduction of ethylene are essential for the coordination and completion of ripening (Alexander and Grierson 2002) , and ethylene also regulates the accumulation of carotenoid during fruit ripening (Maunders et al. 1987) . Measurement of ethylene production from the WT, the rin mutant and transgenic lines indicated that SlNAC4-repressed fruits had reduced ethylene production compared with the WT at the B + 4 and B + 7 stage (Fig. 7A) . Currently, two systems of ethylene regulation have been proposed to operate in climacteric fruit. System-1 functions during normal vegetative growth and is responsible for producing the basal levels of ethylene detectable in all tissues. System-2, on the other hand, is autostimulatory during the ripening of climacteric fruit and petal senescence, and requires the induction of both the ACS [1-aminocyclopropane-1-carboxylate (ACC) synthase] and ACO (ACC oxidase) genes (Barry et al. 2000) , which catalyze the rate-limiting and final steps in ethylene biosynthesis, respectively. It has been reported that autocatalytic ethylene synthesis at the onset of fruit ripening is mediated predominantly through ethylene-stimulated expression of ACS2, ACS4 and ACO1, whereas the increase in ACO3 expression is transient (Barry and Giovannoni 2007) . In this study, the transcript levels of these crucial genes involved in ethylene synthesis, ACS2, ACS4, ACO1 and ACO3, and signal transduction ERF1 (ethylene Values represent means ± SD in days for at least 15 fruits of each line. Significant differences (P < 0.05) are denoted by different letters.
response factor) were detected in pericarp from the MG to B + 7 stage in the WT and three SlNAC4 RNAi lines (1, 4 and 5). Fig. 7 shows that all the mentioned genes exhibited varying degrees of repression compared with WT fruits. In particular, ACS2, ACS4, ACO1 and ACO3 mRNA was substantially repressed in RNAi fruits at the B and/or B + 4 stage mainly, and the transcript levels of ERF1 were approximately 45% repressed at the MG stage (Fig. 7B) .
Analysis of regulatory relationships between SlNAC4 and other ripening-associated genes
Given that the SlNAC4 gene is highly expressed at the onset of fruit ripening and the inhibited fruit ripening phenotype of SlNAC4 RNAi fruits, we examined the expression of a set of known ethylene-regulated ripening-associated genes in pericarp in WT fruit and three SlNAC4 RNAi lines (1, 4 and 5): E4 and E8, which respond specifically to ethylene (Lincoln et al. 1987) ; RIN, a MADS-box transcription factor necessary for fruit ripening ; NOR, a NAC transcription factor necessary for fruit ripening; LOXB, a fruit-specific lipoxygenase which is induced by ethylene (Griffiths et al. 1999) ; and a gene which is a critical determinant of ripening-related cell wall metabolism, PG (polygalacturonase) (Giovannoni et al. 1989 ). Fig. 8 shows that the expression of these genes in SlNAC4 RNAi fruits exhibited varying degrees of repression compared with WT fruits. Among these, the transcripts of E4, E8, RIN and NOR mRNA in particular were remarkably reduced in the RNAi fruits. For PG, Fig. 7 shows that the expression displayed was reduced only about 2-fold in SlNAC4 RNAi lines compared with WT fruit. Additionally, the expression of these six ripening-associated genes in placenta in WT fruits and two SlNAC4 RNAi lines (1 and 5) was also detected at the B + 4 and B + 7 stage ( Supplementary Fig. S5 ). Similarly, significantly reduced repression was found in placenta. These results suggested that silencing of SlNAC4 suppresses the expression of these ripeningassociated genes which are normally induced during ripening, and subsequently inhibits fruit ripening.
Yeast two-hybrid assay for SlNAC4 and two ripening regulators RIN and NOR proteins
Considering the significant repression of two ripening regulators RIN and NOR in SlNAC4 RNAi fruits, we conducted a yeast two-hybrid assay for SlNAC4 and these two regulatory proteins. The ORF of SlNAC4 was amplified and cloned into pGBKT7 as the bait. Self-activation of pGBKT7-SlNAC4 was tested, and the result was negative ( Supplementary Fig. S6 ). The ORFs of RIN and NOR were also amplified and cloned into pGADT7 as the prey. An empty prey and bait vector were used as negative controls with each bait and prey construct (data not shown). Fig. 9 showed that the yeast grew on selective media and turned blue on X-a-Gal indicator plates, suggesting that SlNAC4 could interact with RIN and NOR protein in vivo.
Discussion
In this study, we characterized a putative tomato NAC transcription factor, here named SlNAC4. The function of SlNAC4 was studied by analyzing the phenotype, gene expression and metabolites of SlNAC4 RNAi fruit. The results demonstrated that SlNAC4 is involved in the regulation of tomato carotenoid accumulation and plays a positive role in the fruit ripening regulatory network.
SlNAC4 plays an important role in abiotic stress response
Based on the analysis of the phylogenetic tree, SlNAC4 was found to belong to the stress-related NACs according to the relative functions of other reported NAC proteins (Fig. 1B) , suggesting that it may be involved in the stress defense response. Subsequently, many ERF proteins have been identified as being involved in the response to biotic and abiotic stress. Our previous study also showed that multiple environmental stresses significantly induced the expression of ERF3b in tomato (Chen et al. 2008 ). In addition, as well as fruit ripening, ethylene is also known to be involved in abiotic and biotic stress responses (Alexander and Grierson 2002) . Thus the repressed ERF1 expression and decreased ethylene synthesis in SlNAC4 RNAi lines and the fact that SlNAC4 could be significantly induced by various stress treatments, including wounding, NaCl, dehydration and low temperature (Figs. 2, 7) , suggests that SlNAC4 may also play an important role in abiotic stress response and could serve as a potential candidate for engineering stress-tolerant tomato; we are working on a follow-up experiment.
SlNAC4 influences carotenoid accumulation during tomato fruit ripening
The dramatic development of red pigmentation in ripening tomato fruit is caused by accumulation of lycopene (red) and b-carotene (orange), which represent the majority of total fruit carotenoids (Fraser et al. 1994) . To date it has been well documented that most ripening-deficient mutant fruits characterized are the consequence of defects in carotenoid biosynthesis (Fraser and Bramley 2004) . Reduced expression of SlNAC4 results in substantially reduced carotenoid content (Fig. 5B) , explaining in part why SlNAC4 RNAi fruits failed to turn fully red. In addition, SlNAC4 RNAi fruits displayed orange color in both the pericarp and placenta (Fig. 4C-F) , which implies decreased accumulation of lycopene and elevated b-carotene. Correlation analysis of known mediators of carotenoid accumulation showed that PSY1, which is the major regulator of flux toward the carotenoid biosynthesis pathway, was significantly reduced in expression in response to reduced SlNAC4 in both pericarp and placenta. Also, both the chromoplast and chloroplast lycopene b-cyclases (CYC-B and LCY-B, LCY-E) were upregulated compared with controls in SlNAC4 RNAi fruits ( Fig. 6 ; Supplementary Fig. S4 ). It has been shown that the relative ratio of lycopene and b-carotene in ripening tomato fruit is mediated by up-regulation of PSY1 and down-regulation of CYC-B, in which both effects are regulated at least in part by ethylene (Fraser et al. 1994 , Ronen et al. 2000 , Alba et al. 2005 . Similarly, Vrebalov et al. (2009) showed that the TAGL1 MADSbox transcription factor positively regulates ethylene synthesis and repression of TAGL1 resulted in reduced ethylene and a shift toward b-carotene accumulation in ripening fruit. According to previous results, we can speculate that SlNAC4 may play a role in regulation of the carotenoid pathway flux toward b-carotene and away from lycopene in SlNAC4 RNAi fruits, possibly through impacting ethylene synthesis and/or signaling.
Silencing SlNAC4 inhibits ethylene biosynthesis and signal transduction
The phenotype of SlNAC4 RNAi fruits whereby they failed to turn completely red in both pericarp and placenta suggested that this gene is essential for fruit ripening. It has been well documented that ethylene plays a key regulatory role in fruit ripening (Barry and Giovannoni 2007) . In agreement with reduced ethylene production in the transgenic fruit, there were varying degrees of repression in the transcript level of crucial genes involved in ethylene synthesis and signal transduction, including ACS2, ACS4, ACO1, ACO3 and ERF1 (Fig. 7) . It has been proposed that ACO1 is the major ACO gene expressed in tomato fruit, and ethylene synthesis of system-2 is subsequently initiated and maintained by ethylene-dependent induction of ACS2 (Barry et al. 2000) . We found that the expression of ACS2 and ACO1, together with ACS4 and ACO3, was substantially repressed in SlNAC4 RNAi fruits in their respective period. This result suggests that SlNAC4 plays an important role in climacteric fruit ripening, probably through interactions with the ethylene pathway. Whether or not this reflects a direct interaction of SlNAC4 with the promoter region of these genes or a downstream effect of SlNAC4 remains to be defined, because two such regulators recently reported as involved in fruit ripening, the HB-1 homeobox protein (Lin et al. 2008 ) and the TAGL1 MADS-box factor (Itkin et al. 2009) , are able to bind to the promoter region of the ACO1 and ACS2 gene, respectively, proving that the activity of ethylene biosynthesis genes can be directly regulated by transcriptional factors in tomato.
The positive regulatory role of SlNAC4 during tomato fruit ripening
Analysis of gene expression suggests that SlNAC4 RNAi fruit exhibited a repressed transcript level of genes involved in ethylene-regulated ripening both in pericarp and in placenta, including E4, E8, PG, RIN, NOR and LOXB ( Fig. 8; Supplementary Fig.  S5 ), which themselves reflect a range of downstream fruit ripening activities impacting carotenoid accumulation, cell wall structure and the production of metabolites associated with softening, flavor, aroma and nutrition (Alexander and Grierson 2002 , Barry and Giovannoni 2007 , Pirrello et al. 2009 ), indicating that SlNAC4 has positive ripening regulatory functions. Molecular characterization of the promoter sequences of ripening-associated genes has begun to clarify the mechanisms by which genes are regulated and the role of ethylene. Analysis of the E4, E8 and PG promoter regions has revealed the presence of similar ethylene-dependent ripening-specific control elements (Nicholass et al. 1995 , Xu et al. 1996 , Deikman et al. 1998 . Thus the reduction of ethylene-related genes is probably responsible for the repressed transcript level of E4, E8 and PG genes in SlNAC4 RNAi fruit. An interesting observation was that SlNAC4 expression is not altered in the rin mutant (Fig. 3C) , while RIN mRNA accumulation was substantially reduced in SlNAC4 RNAi fruit ( Fig. 8; Supplementary Fig. S5 ), suggesting that SlNAC4 has a positive regulatory role on RIN gene expression and most probably functions upstream of it. Taking into account the recent description of a series of ripening regulators, it is necessary to consider how SlNAC4 participates in the regulation of fruit ripening in the context of previously reported ripening transcription factors, such as AP2a (Chung et al. 2010 ), TAGL1 (Vrebalov et al. 2009 ), MADS-RIN and CNR-SBP (Manning et al. 2006 ). AP2a exhibits a negative regulatory function in ethylene synthesis and most probably acts to balance the activities of positive ripening regulators, including NOR, RIN and CNR (Karlova et al. 2011) . RIN has been shown to bind to ACS2 and ACS4 promoters directly and to that of RIN itself (Martel et al. 2011 , Fujisawa et al. 2012 . The CNR mRNA transcript is also reduced in rin mutants, suggesting that RIN has a positive regulatory role on CNR expression (Vrebalov et al. 2009 ). Furthermore, the MADS-RIN protein can heterodimerize with TAGL1 protein in yeast two-hybrid analyses (Leseberg et al. 2008) . Our results showed that SlNAC4 could interact with RIN and NOR protein in vivo (Fig. 9) , so SlNAC4 probably bind to MADS-RIN and NOR and regulates their activities, subsequently influencing the expression of ethylene-and ripening-related genes, then reducing ethylene biosynthesis and inhibiting fruit ripening in RNAi lines. Thus SlNAC4 adds a new component to the emerging networks regulating fleshy fruit ripening. In addition to NOR and SlNAC4, some of the other tomato NAC domain family members may also be involved in fruit ripening; thus further research is needed to unravel the divergent function of these tomato NAC genes.
In summary, SlNAC4 not only plays an important role in response to abiotic stress, but transgenic repression demonstrates that SlNAC4 also participates in normal fruit ripening as a positive regulator by modulating the climacteric ripening hormone ethylene and carotenoid pigmentation. Together with the fact that SlNAC4 could not be induced by ethylene (Fig. 3D) and that the repression of SlNAC4, RIN , TAGL1 (Vrebalov et al. 2009 ), CNR (Manning et al. 2006) or HB-1 (Lin et al. 2008 ) is similar in that all result in non-ripening fruits, suggests that all of them lie upstream of ethylene synthesis control. Taking these results together, we propose a hypothetical model for SlNAC4 functions in the network of regulatory factors controlling fruit ripening, as shown in the scheme in Fig. 10 . The model also indicates the ethylene-dependent and -independent processes that are regulated by SlNAC4. Additionally, these results indicate that higher levels of regulatory cascades of these ripening-associated transcription factors remain to be discovered, such as the identification of their direct or indirect targets and the interaction relationship of these regulatory factors, and will probably contribute to further mapping of the regulatory network of tomato fruit ripening.
Materials and Methods

Plant material
The wild-type tomato (Solanum lycopersicum Mill. cv. Ailsa Craig) and transgenic lines were grown in greenhouses under sodium lights timed for 16 h days (27 C) and 8 h nights (19 C). Flowers were tagged at anthesis and fruit development was recorded as days post-anthesis (DPA). The ripening stages of fruits were divided into IMG (immature green; 28 DPA), MG (mature green; 35 DPA, full fruit expansion and mature seeds but no obvious colour change), B (breaker, fruit showing the first signs of ripening-associated color change from green to yellow), B + 4 (4 d after breaker), B + 7 (7 d after breaker) and B + 15 (15 d after breaker). All plant samples for the preparation of total RNA were taken at the same time each day, frozen in liquid nitrogen and stored at À80 C until required.
Plant treatments
All the plant treatment experiments were performed using potted 35-day-old tomato seedlings. In each case, individual plants were used for each treatment with two biological replicates. All the harvested samples were immediately frozen in liquid nitrogen and stored at À80 C until RNA extraction. For ethephon treatments, the whole potted tomato seedlings were sprayed with 5 mM ethephon solution or distilled water. Plants were enclosed in plastic immediately following spraying and left for 0, 1, 4, 8, 12, 24 and 48 h; the leaves of the tomato seedlings were then taken for analysis. Salinity treatments were applied by submerging the roots of the tomato seedlings in distilled water with 200 mM NaCl for 0, 1, 4, 8, 12 and 24 h; roots and leaves from the treated seedlings and controls were collected. For wounding treatments, the leaves of tomato seedlings were cut with a razor blade into small pieces and left on a piece of wetted filter paper in sealed pots for 0, 1, 4, 8, 12 and 24 h at 25 ± 1 C. For dehydration experiments, the whole tomato seedlings were carefully pulled out of the pots, washed gently with water to remove soil and left on a piece of dry filter paper under dim light at 25 ± 1 C. For high and low temperature experiments, the whole potted tomato seedlings were incubated at 4 and 40 C for 0, 1, 4, 8, 12 and 24 h, after which the leaves were harvested.
RNA and DNA extraction and isolation of SLNAC4 cDNA Total RNA was isolated from all plant tissues with the Trizol reagent (Invitrogen). A 2 mg aliquot of RNA treated with DNase I (Promega) was reverse-transcribed using M-MLV reverse transcriptase (Promega) with oligo(dT) 18 primer. To isolate the cDNA of SLNAC4, 3 0 -RACE were performed with cDNA from the pericarp of MG fruits. A 2 mg aliquot of RNA was reversetranscribed to make 3 0 -RACE-ready first-strand cDNA using the primer 3-AP (Supplementary Table S2 ). The 3 0 -RACE was performed containing 5 ml of 10Â PCR buffer, 3 ml of 25 mM MgCl 2 , 1 ml of 10 mM dNTPs, 1 ml of 10 mM of each gene-specific primer SLNAC4-3 0 -GSP and KAN (Supplementary Table S2 ), 0.4 ml of rTaq DNA polymerase, 2 ml of 3 0 -RACE-ready cDNA template and distilled water to a final volume of 50 ml. The touchdown PCR was performed for one cycle at 95 C for 5 min, followed by 20 cycles of 30 s at 94 C, 64 C with a 0.5 C decrease per cycle for 30 s, and extension at 72 C for 3 min; then completed with 15 additional cycles of 30 s at 94 C, 30 s at 54 C and 3 min at 72 C when the annealing temperature reached 54 C, and a final extension at 72 C for 10 min. Genomic DNA was extracted from the pericarp of MG fruits according to the manufacturer's protocol of the Genomic DNA Extraction Kit (Invitrogen). The ORF and genomic DNA of SLNAC4 were amplified with the primers FNAC4-F/R (Supplementary Table S2 ) using PrimeSTAR Õ HS DNA polymerase (TAKARA). The PCR procedure was incubated at 94 C for 5 min followed by 35 cycles of 30 s at 94 C, 30 s at 56 C and 3 min at 72 C, and a final extension at 72 C for 10 min. All the amplified products were subcloned into the pMD18-T vector (TAKARA) and confirmed by sequencing (Invitrogen).
Construction of RNAi vector and plant transformation
The SLNAC4 RNAi construct was made using the pBIN19 vector ( Supplementary Fig. S7 ). The 469 bp SLNAC4-specific DNA fragment used in the hairpin was amplified using the primers SLNAC4-RNAi-F/R (Supplementary Table S2 ) (i.e. bases 550-1,018 of GenBank accession No. KC453999) and excluding the conserved NAC domain. The resulting construct was transformed into tomato cv. Ailsa Craig by Agrobacterium tumefaciens (strain LBA4404) by the freezethaw method. Transformed lines were selected for kanamycin (80 mgl À1 ) resistance and then analyzed by PCR to determine the presence of T-DNA using the primers NPTII-F/R (Supplementary Table S2 ).
Quantitative RT-PCR analysis
Total RNA extraction and reverse transcription were performed as described above. The PCR consisted of 5 ml of SsoFast EvaGreen Supermix (TAKARA), 0.5 ml of 10 mM of each primer, 1 ml of cDNA and distilled water to a final volume of 10 ml. Quantitative RT-PCR was performed using the CFX96 TM Real-Time System (Bio-Rad) under the following conditions: 98 C for 3 min, followed by 40 cycles of 98 C for 2 s and 60 C for 30 s. For analysis of each gene, an NRT (no reverse transcription control) and NTC (no template control) were also performed. The tomato SlCAC gene was selected as the internal standard in tomato development studies (Expósito-Rodríguez et al. 2008 ) and the tomato EF1 gene was used as an internal control under abiotic stress (Nicot et al. 2005) . The relative gene expression levels were detected using the 2 ÀÁÁC T method (Livak and Schmittgen 2001) . Primers used for quantitative RT-PCR are listed in Supplementary Table S3 , and a standard curve by serial dilution was analyzed for each specific gene using WT cDNA in triplicate.
Ethylene measurements
Fruits of B, B + 4 and B + 7 were harvested and placed in open 100 ml jars for 3 h to minimize the effect of wound-induced ethylene caused by picking the fruits. Then the jars were sealed and incubated at room temperate for 24 h and a 1 ml sample of the headspace gas was injected into a Hewlett-Packard 5890 series gas chromatograph equipped with a flame ionization detector (FID). Samples were compared with standards of known concentration and normalized for fruit weight (Chung et al. 2010 ).
Pigment quantification in tomato fruit
Tomato pigments were extracted from pericarp and placenta tissues using a modified protocol from Forth and Pyke (2006) . Sections of pericarp and placenta tissues were cut from an area above a locule in a 5 mm wide strip around the equator of fruits, weighed and ground using a pestle and mortar with liquid nitrogen and 20 ml of 60 : 40% (v/v) hexane : acetone. The extract was centrifuged at 4,000Âg for 5 min and the supernatant was carefully transferred to a fresh tube. Then the cell debris was repeatedly extracted with fresh solvent until colorless and the volume of the pooled supernatants was measured. The optical absorbance of the supernatants was immediately measured in a lambda 900 scanning spectrophotometer (PerkinElmer). The total Chl and carotenoid contents were calculated with the following equations: total Chl mg ml À1 = 8.02 (OD 643 ) + 20.2 (OD 647 ) and total carotenoids mg ml À1 = (OD 450 )/0.25. Individual tissue samples were taken from 3-4 fruits for each ripening stage in triplicate.
Yeast two-hybrid assay
Yeast two-hybrid assay was performed using the MATCHMAKER TM GAL4 Two-Hybrid System III according to the manufacturer's protocol (Clontech). The ORF of SlNAC4 was amplified with the primer pairs SlNAC4-Y-F/R (Supplementary Table S2 ). The PCR products were cloned into the pGBKT7 bait vector to obtain the vector pGBKT7-NAC4 (Supplementary Fig. S8A ). Then the pGBKT7-NAC4 vector was translated into Y2HGold. The Y2HGold with bait was plated on SD medium lacking Trp (SDO) and SD medium lacking Trp, His, Ade (TDO) to test self-activation of pGBKT7-NAC4. In parallel, the ORFs of NOR and RIN were also amplified by primers pairs NOR-Y-F/R and RIN-Y-F/R (Supplementary Table S2 ), respectively. The products were cloned into the pGADT7 vector ( Supplementary Fig. S8B ), and translated into Y187. Subsequently, Y2HGold with bait and Y187 with prey were cultured together in 2Â YPDA medium for 24 h. After that these cultures were cultured on SD medium lacking Trp, Leu (DDO) to select for diploids containing prey and bait vectors. After 2-5 d, fresh diploid cells were plated on SD medium lacking Trp, Leu, His, and Ade, with X-a-Gal (QDO/X) to judge whether or not SlNAC4 can interact with NOR and RIN. Plates were incubated for 3-7 d at 28
C. An empty prey and bait vector were used as negative controls with each bait and prey construct, respectively. Positive controls were also cultured. The assays were repeated at least three times with fresh transformants.
Sequence, structure and phylogenetic analysis GENESCAN (http://genes.mit.edu/GENSCAN.html) and sequence alignment between cDNA and genomic DNA were used to analyze the exons and introns of genomic DNA. The theoretical molecular weight was calculated with the ExPASy compute Mw tool (http://expasy.org/tools/protparam.html). Multiple sequence alignment of SlNAC4 with other NAC proteins was conducted using the ClustalX 1.81 and DNAMAN 5.2.2 programs. For phylogenetic tree analysis, peptide sequences of 14 other characterized NAC family proteins from other plant species were selected according to their reported functions, and a dendrogram was constructed using MEGA 5.05 software.
Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) and different means were significant by a Dunnett's test at P < 0.05. Considering the biological significance of the differential expression, we adopted a cut-off value of 3-fold for organspecific expression and 2-fold for analyzing stress induction or repression (Le et al. 2011 ). The expression levels were designated as 'induced', 'repressed' or 'different' only if such differences met the above criteria and passed the t-test.
